


52
RELATING PA AND RAN TO WORD READING AND SPELLING PROCESSES
[bookmark: _GoBack]Relating Phonological Awareness and Rapid Automatized Naming to Phonological and Orthographic Processing of Written Words: Cross-sequential Evidence from French

Abstract
Few previous studies have directly linked the contribution of phonological awareness (PA) and rapid automatized naming (RAN) to the development of phonological processing and orthographic processing in reading. These studies are predominantly cross-sectional and focus on reading development predictors, with relatively little emphasis on spelling achievement. The present study aims to address these issues with a cross-sequential design conducted among French-speaking beginning readers. Participants from kindergarten (n = 66) and Grade 1 (n = 87) were assessed with PA and RAN objects considering accuracy and speed. One year later, in Grade 1 or Grade 2, they were tested in word reading and spelling. ANOVAs showed a developmental change occurring in word reading and spelling between Grade 1 and Grade 2, going from phonological processing to orthographic processing. Hierarchical multiple regressions indicated that both PA and RAN predicted word reading and spelling in Grade 1, with a stronger proportion of the variance explained by RAN. In Grade 2, only PA explained the literacy outcomes, with a greater amount of the word spelling variance explained compared to the word reading variance. Our findings showed that PA and RAN contribute distinctively to word reading and spelling acquisition, suggesting that they represent independent processes. RAN's greater importance for early literacy skills (Grade 1) suggests that it accounts for the early processes implied in phonological processing. The longer-lasting predictive value of PA (Grades 1 and 2) provides evidence of its importance for phonological and orthographic processing, especially in spelling.

Introduction
Phonological awareness (PA) and rapid automatized naming (RAN) are reliable predictors of variability in learning to read in many alphabetic writing systems (e.g., Caravolas et al., 2012; Moll et al., 2014; Ziegler et al., 2010). The question of whether PA and RAN are potentially dependent processes is raised since both tasks require phonological information processing (Schatschneider, Carlson, Francis, Foorman, & Fletcher, 2002; Wagner & Torgesen, 1987). At the same time, the two predictors are based on different cognitive abilities. Powell, Stainthorp, Stuart, Garwood, & Quinlan (2007) demonstrated that "the process underlying RAN performance may be, at least in part, independent of phonological processes" (Powell et al., 2007, p. 65). However, the contributions of PA and RAN to word reading and spelling development remain unclear (Vaessen & Blomert, 2013). The results are mixed regarding their influence on the different subcomponents of word reading and spelling (accuracy vs. speed, word vs. pseudoword processing), and their relative importance seems to vary as a function of age (Araújo, Reis, Petersson, & Faísca, 2015). One way to better understand how these predictors contribute to written word processing is to consider their relative importance in the development of lexical and sublexical reading and spelling processes (phonological processing vs. orthographic processing). However, only a handful of studies have directly linked the influence of PA and RAN to the development of these reading and spelling processes (Vaessen & Blomert, 2010). Furthermore, these studies were cross-sectional, did not investigate spelling, and were not conducted in French, an opaque orthography. The present study aims to fill these gaps in the literature with a cross-sequential design evaluating the cognitive dynamics of PA, RAN, and word reading and spelling at two time points (i.e., kindergarten – Grade 1; Grade 1 – Grade 2). The main goal is to determine whether PA and RAN's predictive weight for word reading and spelling can be linked to the development of written word processes in French-speaking beginning readers.
PA and RAN’s Contributions to the Different Subcomponents of Word Reading and Spelling
PA can be defined as the ability to identify and consciously manipulate the sound units of language (i.e., syllables, rhymes, phonemes). This explicit awareness of the phonemes is essential to develop phonological processing, namely the ability to manipulate letter-sound correspondences in learning to read and spell words (Vellutino et al., 2004). Combined with PA, phonological processing serves as a self-teaching mechanism enabling the building of orthographic representations (Share, 1995). These detailed representations in memory enable orthographic processing, namely automatic visual recognition and spelling based on groups of letters or whole-word orthographic forms (Cunningham, Perry, & Stanovich, 2001; Moll, Fussenegger, Willburger, & Landerl, 2009). 
RAN is characterized by the ability to name as quickly as possible an array of highly familiar visual stimuli. It has also been shown to be highly related to reading, but the reason is still debated. RAN is like “a microcosm of reading” (Wolf & Bowers, 1999; p.418), sharing many closely related processes with reading (perceptual, linguistic, and cognitive). RAN is mainly recognized as a measure of the speed of access to phonological representations of spoken-word forms from long-term memory (Torgesen, Wagner, Rashotte, Burgess, & Hecht, 1997; Wagner et al., 1997). However, it is not the only reason why RAN is related to reading (Papadopoulos, Spanoudis, & Georgiou, 2016). RAN implies other perceptual and linguistic processes beyond phonological processes, and many theoretical explanations of the RAN-reading relation coexist. One of them proposes that RAN – especially RAN letters – measures the ability to learn associations between print and sound and form orthographic representations (Bowers & Newby-Clark, 2002; Bowers & Wolf, 1993; Wolf, Bowers, & Biddle, 2000). More recently, some authors have argued that the RAN-reading relation would be determined by the serial processes they share (de Jong, 2011; Logan, Schatschneider, & Wagner, 2011), while Papadopoulos et al. (2016) showed in a comprehensive study that the effects of RAN on reading were both direct and indirect, through phonological awareness, orthographic processing, working memory, attention or processing speed.
Years of research have demonstrated that PA is mainly related to word reading and spelling accuracy and that RAN is strongly associated with reading speed. However, the findings are not so straightforward. Some studies highlighted that they both contribute to a large set of subcomponents of reading and spelling. PA has been shown to generally impact word accuracy (Fricke, Szczerbinski, Fox‐Boyer, & Stackhouse, 2016; Landerl & Wimmer, 2008; Moll et al., 2014) and to be more related to spelling than reading (Vander Stappen & Van Reybroeck, 2018; Moll et al., 2009; Torppa, Georgiou, Niemi, Lerkkanen, & Poikkeus, 2016). Graham and Santangelo (2014) even showed in their meta-analysis that teaching spelling could improve phonological awareness by approximately one-half a standard deviation. A plausible explanation is that spelling could impose higher demands on PA than reading because phoneme-grapheme mappings are generally less predictable than grapheme-phoneme mappings (Furnes & Samuelsson, 2011). Conversely, a study conducted in five European orthographies revealed that PA's contribution was as important for reading speed as for reading accuracy (Ziegler et al., 2010). 
Concerning RAN, authors mainly recognize it as a universal marker of reading speed. Although a recent study showed longitudinal relations between RAN and both reading accuracy and speed (Fricke et al., 2016), most studies revealed that RAN contributed considerably less to reading accuracy than to reading speed (Araújo, et al., 2015; Moll et al., 2014; Ziegler et al., 2010; Vander Stappen & Van Reybroeck, 2018). Most studies also demonstrated that RAN did not predict spelling at all (Georgiou, Aro, Liao, & Parrila, 2016; Wimmer & Mayringer, 2002; Wolff, 2014), even though some authors inferred this based on their findings (Albuquerque, 2017; Georgiou, Torppa, Manolitsis, Lyytinen, & Parrila, 2012; Savage, Pillay, & Melidona, 2008). In French, Plaza and Cohen (2004) found that RAN was the second most predictive factor for spelling performance, coming after PA.
Taken together, these various findings show that PA and RAN are related to a large set of word-level subcomponents of reading and spelling (accuracy/speed) with many apparent contradictions. However, a comprehensive view of these results could be provided by looking at the stage of development of reading and writing, which varies according to the child’s age or the orthographic depth (Seymour, Aro, & Erskine, 2003). The role of the sublexical route or phonological processing is important at the beginning of learning and decreases over time, while the role of the lexical route or orthographic processing increases over time (Coltheart, Rastle, Perry, Langdon, & Ziegler, 2001), with notable differences depending on the orthographic depth. It has been shown, when assessing nonword reading and the lexicality effect (advantage for familiar words over unfamiliar nonwords), that French-speaking children develop phonological processing more slowly and less efficiently than children in transparent orthography (Seymour et al., 2003). The syllabic complexity effect (advantage for simple syllabic structure over complex syllabic structure) is also a marker of phonological processing (Sprenger-Charolles & Siegel, 1997). Moreover, the frequency effect (advantage for frequent words over rare words) is an indicator of orthographic processing, which develops more slowly in opaque orthographies such as French (Seymour et al., 2003). 
Without directly addressing this question of relations with phonological and orthographic processing, some studies have looked at the relationship between the predictors, PA and RAN, and different types of words (nonwords, irregular or regular words). For example, PA is usually related to pseudoword reading (Badian, 1993; Griffiths & Snowling, 2002; Manis, Seidenberg, & Doi, 1999) and pseudoword spelling (Plaza & Cohen, 2004; Torppa et al., 2016; Torppa et al., 2013), which would indicate a relation with phonological processing. However, PA has also been associated with irregular word reading and spelling (Albuquerque, 2012; Griffiths & Snowling, 2002; Landerl & Wimmer, 2008). This suggests that PA might also be of importance for orthographic processing. Accordingly, RAN has been shown to be a good predictor of both nonword and word reading fluency (Araújo et al., 2015; Moll et al., 2009; Ziegler et al., 2010), suggesting that RAN shares common processes with phonological processing. Some authors also demonstrated that RAN predicted irregular word reading (Clarke, Hulme, & Snowling, 2005; Georgiou, Parrila, Kirby, & Stephenson, 2008; Kruk, Mayer, & Funk, 2014) and irregular word spelling (Stainthorp, Powell, & Stuart, 2013) or word spelling after controlling for pseudoword spelling (Savage et al., 2008). These last findings suggest that RAN could also be an index of orthographic processing.
These studies provide some indications that PA and RAN could be associated with both phonological processing and orthographic processing, but they did not address this question directly. 
PA and RAN’s Contributions to Phonological and Orthographic Processing
To the best of our knowledge, only three studies adopted this perspective in interpreting their data. First, in a cross-sectional study, Vaessen and Blomert (2010) showed that the relative importance of PA and RAN varied over time, depending on reading expertise. Among Dutch children, the relation between PA and word reading fluency decreased from Grade 1 to Grade 6, whereas the RAN-reading relations gradually increased. The shift in the strength of PA and RAN contributions occurred at the same time as the shift from slow phonological processing to fast automatic word recognition. Second, the same phenomenon was observed in a cross-linguistic (Hungarian, Dutch, and Portuguese) and cross-sectional (Grade 1 to Grade 4 children) study (Vaessen et al., 2010). The concomitant shift between predictors’ strength and between the two word-reading processes was found in the three orthographies. According to the authors, PA and RAN's different contributions over time would reflect the cognitive dynamics of reading development, which are fairly universal. For example, PA contributed to reading fluency more strongly and for a longer period in opaque orthographies. However, the overall developmental pattern was the same across languages. Third, Rodríguez, van den Boer, Jiménez, and de Jong (2015), in a more recent cross-sectional study, produced results contrasting with Vaessen and colleagues. Among Spanish children, they found that serial RAN (i.e., several items presented simultaneously) was a strong predictor of word reading only from Grades 2 to 4. After Grade 4, the RAN-reading relation decreased. PA was related to word reading until Grade 4 but generally had less power than RAN. However, the PA-reading relation increased in Grades 5 and 6 and became stronger than the RAN-reading relation. According to the authors, serial RAN, rather than PA, would more plausibly contribute to phonological processing. The decreasing relation between serial RAN and word reading could be explained by a gradual change in reading processes from phonological processing to parallel processing of written words. This is in line with previous studies on serial RAN, showing a decrease in the RAN-word reading relation and demonstrating that serial RAN especially accounts for the phonological processes of word reading, which are typical of the initial stage of learning to read (de Jong, 2011; Protopapas, Altani, & Georgiou, 2013).
To summarize, the results are mixed regarding PA and RAN’s contributions to word reading and spelling. One explanation of these differences is that PA and RAN could be differently related to the two processes (i.e., phonological and orthographic) that can be used to read or spell words. Only three studies demonstrated that the changes in PA’s and RAN’s contributions to word reading over time might be associated with developmental changes in reading processes. These studies did not include a measure of spelling and were mainly conducted in transparent orthographies, none of which investigated the issue in French.
The Present Study
This study aimed to provide a comprehensive view of the relation between PA, RAN, and phonological and orthographic processing in both reading and spelling through a cross-sequential design during the early years of learning in an opaque orthography, French. This study investigated whether PA and RAN underlie specific word-reading and spelling processes (phonological vs. orthographic) at two time points (i.e., kindergarten – Grade 1; Grade 1 – Grade 2). The innovative aspects of this study addressed this question for both reading and spelling within a cross-sequential design. Another asset was using comparable PA, RAN, and word reading measures based on the number of correct responses per second.
To address this issue, we first cross-sectionally analyzed word reading and spelling outcomes of French-speaking beginning readers from Grade 1 and Grade 2 at T1. Examining the psycholinguistic effects (lexicality, word frequency, and syllabic complexity) enabled observation of whether children preferentially relied on phonological or orthographic processes. Second, we longitudinally examined how PA and RAN, measured one year before (T0), could explain the Grade 1 and Grade 2 outcomes (T1). As the data collection of our predictors preceded the data collection of our outcome in each cohort (i.e., the presumed cause preceded the effect in time), we could study the developmental relations between PA/RAN and reading/spelling within each cohort and observe the changes occurring in those relations between the two time periods (kindergarten – Grade 1; Grade 1 – Grade 2).
We made the following predictions. First, we anticipated that children in Grade 1 would predominantly use phonological processes when reading or spelling words, whereas second graders would already rely more on orthographic processing (Mousty & Leybaert, 1999). Second, we expected that PA and RAN would differentially predict word reading and spelling over time. In line with previous studies (Furnes & Samuelsson, 2011), we hypothesized that PA would explain a greater amount of variance in spelling than in reading. Regarding their contributions to the processes, two predictions were made. Considering the findings of Vaessen and Blomert (2010), we anticipated that PA would contribute to the development of phonological processes (in Grade 1), while RAN would contribute to the acquisition of orthographic processing (in Grade 2). Alternatively, according to the studies that have demonstrated the key role of phonological processing in the RAN-reading relation (de Jong, 2011; Rodríguez et al., 2015), we would expect to find a dominant contribution of RAN to word reading and spelling in Grade 1, providing evidence that RAN is of greater importance for the initial phonological processing.
Method
Participants
The data used in the present study are part of a Belgian cross-linguistic project on PA, RAN, and literacy development in French and Dutch, but only data in French are presented in the current study. These data initially consisted of 206 French-speaking children from three elementary schools tested in kindergarten (n = 98; cohort 1) and Grade 1 (n = 108, cohort 2). Participants were retested the year after when they were in Grade 1 or Grade 2. All the children of the participating classrooms were invited to take part in the experiment, but only children whose parents gave their consent were administered the measures (i.e., 71.01% of the children from the seven kindergarten classes and 65.06% of the children from the seven Grade 1 classes). The children also gave their verbal consent. Only data from children who participated in the two measurement points were reported in this article. Twenty-two children withdrew from the study because they moved to another school. This concerned 15 children in kindergarten (15.31% attrition) and 7 children in Grade 1 (6.48% attrition). In addition to these attrition rates, some children were removed from the analyses because they met one of the exclusion criteria: (a) one child scored below two standard deviations for her age in the estimated nonverbal IQ, as measured by the Matrices Reasoning subtest of the WPPSI-IV (Wechsler, 2014); (b) two children scored below two standard deviations for their age in receptive vocabulary, as measured by the French adaptation of the Peabody Pictures Vocabulary Test (Dunn, Thériault-Whalen, & Dunn, 1993); (c) 17 children were bilingual and not native speakers of French (other bilingual children whose mother tongue was French were kept in the sample, kindergarten, n = 15; Grade 1, n = 25), and (d) 11 children were receiving speech therapy for language impairment or difficulties with written language during the testing period. No children were identified as having hearing loss or a visual problem.
The final studied sample was made up of 153 children (kindergarten, n = 66; Grade 1, n = 87). Table 1 provides the characteristics of the children by cohort. Independent t tests confirmed that the two cohorts differed in age and ensured that they did not differ in nonverbal IQ. The cohort effect on receptive vocabulary showed a p-value just reaching the significance threshold (p = .05) and a Cohen’s d indicating a weak effect (d = -0.33; Cohen, 1988). This has been taken into account in the analyses. We also ensured that both cohorts were equivalent in gender and socioeconomic status. The mother’s educational level, often used to measure socioeconomic status, was investigated in a parental questionnaire. We used the ISCED scale (International Standard Classification of Education; OECD, 1999), and we converted the original seven-point scale classification into a three-point scale classification, as in Boets, Wouters, Van Wieringen, and Ghesquière (2006). The three levels correspond to primary education (level 1), secondary education or postsecondary nontertiary education (level 2), and higher education (level 3). Chi-square tests of independence revealed no difference across both cohorts in the frequency distribution of gender, χ2(1, N = 153) = 0.03, p = .87, and of the different educational levels, χ2(2, N = 150) = 1.53, p = .47. It is also important to mention that in the French-speaking part of Belgium, formal reading instruction starts in Grade 1, but some reading preparation (vocabulary, PA, and letter knowledge) is usually provided before the onset of primary school, implying that kindergarteners have already developed some prereading competences. Indeed, the results on a productive letter knowledge task including 5 vowels and 15 consonants indicated that our sample's kindergartners already knew some of the vowels (M = 3.52, SD = 0.16) and some of the consonants (M = 7.33, SD = 0.63). Regarding the formal reading instruction starting in Grade 1, the participant schools advocated a phonics-based approach.
This study was approved by the Ethics Committee of the Psychological Science Research Institute (approval number 2015-29bis). The study was carried out in accordance with the ethical standards of the Declaration of Helsinki.
Procedure
The first data collection took place between February and April, when the two groups of children were in kindergarten or Grade 1, respectively. The standardized tests of nonverbal IQ and vocabulary, as well as the measures of our predictors (PA and RAN), were administered at this first time point (T0). Word reading and spelling tasks were only administered a year later at exactly the same time of the year (T1) when the children were in Grade 1 or Grade 2. A qualified doctoral student and trained master’s students administered the tasks at school during school hours. The spelling task was given collectively in the classroom over a session lasting approximately 30 minutes. Regarding the other tasks, the testing was divided into two individual 20-minute sessions, carried out in a quiet room. They were given in the same fixed order for all participants. For each task, the experimenter ensured that the child had understood the instructions with some practice items for which corrective feedback was given. No feedback was given for the test trials. At the end of the testing, the child was rewarded by receiving a small sticker.
Measures
The project was cross-linguistic at the beginning, but only data in French are presented in this study. Our experimental measures were devised to test French- and Dutch-speaking children with comparable tasks. Special attention was also paid to the level of difficulty of the tasks. Indeed, we wanted to administer tasks that would be sufficiently sensitive for both cohorts of children differing in age and reading level.
The word spelling task was a paper-and-pencil task, while the PA, RAN, and word reading tasks were run on a portable computer using PsychoPy 1.82.01 software (Peirce, 2007, 2008). The material (15.6-inch screen, headphones, software) was identical for all testing sessions. The verbal responses of the participants were recorded online on a digital sound file. For each response, RTs were automatically computed from the onset of the stimulus until the end of the participant’s response. Only the RTs of correct responses were used to calculate the RT means. The dependent variable for those computerized tasks was the number of correct responses per second.
The items were all different throughout the PA, RAN, word reading, and word spelling tasks. The words and pseudowords presented in the reading task, for example, were not the same as those in the RAN task.
Phonological awareness. A recent study (Choi et al., 2016) showed that segmentation and deletion are the best PA tasks to predict reading and spelling performance. Moreover, Bruce (1964) initially used deletion tasks to create more variance than judgment tasks (Georgiou et al., 2008). Therefore, we chose a deletion task, requiring the child to remove a syllable or a phoneme from a pseudoword and say what would be left. To avoid the evocation of orthographic mental representations among the readers, all items and expected responses were pseudowords (i.e., legal phonotactic sequences). We developed two versions appropriate for the age of the participants (prereaders vs. readers). The only difference between both versions was the subtraction of 10 items for the kindergartners.
The long version (37 items), made up for Grade 1 children, included 31 items of the Syllable and Phoneme Deletion task from the Battery for the Assessment of Phonological Skills (Van Reybroeck, 2003) and 6 items of a syllable deletion taken from Lecocq (2008). Twelve items required the children to delete the initial syllable of a bisyllabic pseudoword (e.g., /mɔti/ without /mɔ/ is /ti/). Twenty-five items required the child to take away a specified phoneme of a unisyllabic consonant-vowel-consonant (CVC) pseudoword. The syllabic structure of the pseudoword and the position of the phoneme to be removed varied across the items: CVC (e.g., /kyʃ/ without /k/ is /yʃ/), initial phoneme of CCVC (e.g., /pløs/ without /p/ is /løs/), or second phoneme of CCVC (e.g., /stim/ without /t/ is /sim/). We developed a short version (27 items) of this task for kindergartners. Based on a previous study, we removed the 10 most difficult items (i.e., the items requiring taking away the second phoneme of a CCVC pseudoword).
The items were presented to the child through headphones, simultaneously with visual support: a little alien who asked the child to repeat a pseudoword. Afterward, the alien asked the child to delete a designated phonological unit. The task was introduced by six practice items, followed by the test items presented in a fixed pseudorandom order. The children were given one point for each correct or self-corrected response, and RTs were automatically recorded for each deletion exercise. Percentages and RT means in seconds were computed for correct responses only. The RT was the time between the end of the instruction and the beginning of the child’s response. Finally, we computed a composite score, the number of correct responses per second corresponding to the correct responses divided by the total response time. A high score indicated a high performance. Reliability analyses returned satisfying alpha coefficients for the short version (.89) and the long version (.91) in the current sample.
Rapid Automatized Naming. The RAN task consisted of two object matrices (serial RAN). We assessed RAN with object matrices. Although most of the studies recommend measuring RAN with alphanumeric matrices, recent French studies (Cohen, Mahé, Laganaro & Zesiger, 2018; Vander Stappen, Dricot & Van Reybroeck, 2020) or Italian (Pecini et al., 2019) highlighted the advantages of RAN-object matrices. Cohen et al. (2018) demonstrated that RAN-object matrices were a better indicator of reading level variance than RAN letters. The alphanumeric superiority effect that was largely claimed would be a matter of age more than a matter of reading efficiency. In line with some authors (Wagner & Torgesen, 1987; Ziegler et al., 2010), we believe that RAN objects is a purer measure than alphanumeric RAN because it does not confound naming speed and letter recognition. 
For this study, we adapted the two matrices from the Battery for the Assessment of Phonological Skills (Van Reybroeck, 2003) by replacing two items with two others. All items were highly familiar nouns with an age of acquisition lower than six years (Chalard, Bonin, Méot, Boyer, & Fayol, 2003; Ferrand et al., 2008). The word frequency corresponded to the 97th percentile of the word-frequency distribution of oral production (Lexique 3.80; New, Pallier, Brysbaert, & Ferrand, 2004). The two matrices were composed of three items repeated eight times and arranged semi-randomly in four rows of six. One matrix was made up of short items (1 syllable, 3-4 phonemes, e.g., pomme/pɔm/[apple]), and the other was composed of long items (2-3 syllables, 5-7 phonemes, e.g., téléphone/telefɔn/[telephone]). The words were illustrated by color photographs respecting the characteristics of the standardized images of the Snodgrass and Vanderwart database (1980).
A training matrix with training items introduced the task. Participants were instructed to name as quickly and accurately as possible the matrix items from left to right and from top to bottom. The experimenter scored the responses, and the time to name each screen was automatically recorded. A composite score corresponding to the number of correct responses per second was computed by dividing the correct responses by the total naming time for both matrices. Therefore, we obtained the number of items correctly named per second, and a high score indicated a high performance. Computed on accuracy scores in the current sample, the RAN task had internal reliability (Cronbach’s α) of .75. 
Word reading. The word reading task was developed for the present study and contained three different types of words: 12 high-frequency (HF) words, 12 low-frequency (LF) words, and 12 pseudowords. All words were consistent (i.e., with the highly predictable pronunciation of the letters or letter clusters). The word frequency corresponded to the 90th percentile and the 75th percentile of the word-frequency distribution in Grade 1 schoolbooks (MANULEX; Lété, Sprenger-Charolles, & Colé, 2004) for high-frequency and low-frequency words, respectively. The HF and LF words were matched on syllable length, syllabic structure, number of phonemes, and number of letters (Lexique 3.80; New et al., 2004). The pseudowords were matched to the HF words on bigram frequency defined on the basis of CELEX (Baayen, Piepenbrock, & van Rijn, 1993). They were also matched on syllable length, syllabic structure, number of phonemes, and number of letters. The one-syllable pseudowords were generated by Wuggy (Keuleers & Brysbaert, 2010), which substituted one or two phonemes of the HF words into other phonemes. Inverting the syllables of the two-syllable HF words created the two-syllable pseudowords (e.g., dormir [sleep], cheval [horse] → dorval, chemir). Pseudowords contained only consistent graphemes so that there was only one possible reading. In this way, we were sure to measure the phonological route only and not the knowledge of some contextual constraints. In each list (HF, LF, and pseudowords), the syllabic structure was simple (CV syllables) for half of the items and complex (CCV syllables) for the other half.
The 36 stimuli were presented individually in a fixed pseudorandom order. Children were asked to read them out loud as quickly and accurately as possible. They were informed that there were “alien words” (i.e., pseudowords) and that the purpose was to read them as if they were real words and without trying to understand them. Six practice items preceded the test items. For each item, the experimenter scored the performance, and RTs were automatically recorded. Only RTs for correctly read items were considered in the statistical analyses. Total accuracy scores and RT means in seconds were computed, as well as a composite score corresponding to the number of correct responses per second (correct responses divided by the total response time). This composite score gave the number of items correctly read per second. Cronbach’s alpha on correct responses was .90 in Grade 1 and .41 in Grade 2.
Word spelling. The spelling under dictation task was developed for the present study and consisted of two types of words: 12 HF irregular words and 12 pseudowords. We chose to measure orthographic representations through the accuracy of irregular word spelling. A word is called irregular when at least one phoneme of the word can be mapped to several graphemes and when the correct grapheme to spell does not conform to the most frequent grapheme associated with the given phoneme (Perry, Ziegler, & Zorzi, 2007). For example, in fromage /fʀɔmaʒ/ [cheese], the phoneme /ʒ/ can be associated with letters g or j. In this word, the correct grapheme is g, but j is more frequently used in French to represent the phoneme /ʒ/. Words were selected so that a simple phoneme-grapheme conversion would not be sufficient to spell the words accurately. Thus, each word included an inconsistency typical for French orthography (i.e., silent letters, double consonants, inconsistent graphemes, and graphemes that are position- or context-sensitive).
The words were selected in MANULEX (Lété et al., 2004) and corresponded to the 84th percentile of the word-frequency distribution in Grade 1 schoolbooks. The pseudowords were matched to the words on bigram frequency defined on the basis of CELEX (Baayen et al., 1993). They were also matched on syllable length, syllabic structure, and the number of letters. In each list, half of the items were simple, and the other half were complex.
More specifically, the children were given a sheet of paper and were instructed to write down each word in a box. The experimenter first dictated the words; then, the pseudowords. For the latter, the children were informed that the purpose was to spell them as pronounced without trying to understand them. Each item was repeated three times. The children were given one point for each correctly spelled word. As pseudowords could be written in different ways, all phoneme-to-grapheme mappings existing in real words were accepted. The accuracy score corresponds to the total number of correct responses. The internal reliability (Cronbach’s α) was .89 in the current sample.
Statistical Analyses
First, to determine the word-reading and spelling processes preferentially used by the children, we examined different psycholinguistic effects (lexicality, word frequency, and syllabic complexity) in each cohort at T1 (Grade 1 and Grade 2). The lexicality effect is a processing advantage in terms of accuracy and speed for familiar written words over pseudowords. It is assumed to reveal the use of orthographic processing. The word frequency effect is also an indication of this processing. A processing advantage is shown for high-frequency words (HF words) over low-frequency words (LF words). Conversely, the effect of syllabic complexity is a processing advantage for simple words (i.e., CV syllable structure) over complex words (i.e., CCV syllable structure) and is an index of phonological processing. When the child uses phonological processing, words with syllabic complexity are more challenging than simple words.
The psycholinguistic effects were tested with three-way repeated-measures ANOVAs with the cohort as a between-participants factor and two psycholinguistic variables as within-participants factors: word frequency (HF words, LF words, and pseudowords) and syllabic complexity (simple and complex words) for word reading and lexicality (HF irregular words and pseudowords), and syllabic complexity (simple and complex words) for word spelling. The cohort effect from the t-test on vocabulary was significant (see Table 1), and we entered this variable as a covariate in the repeated measures ANOVAs. Across the ANOVAs, we found no significant effect of vocabulary and no significant interactions (Fs < 2.05, ps > .15). The assumption of sphericity was checked with Mauchly’s test, and we applied Greenhouse-Geisser corrections for data violating the sphericity assumption.
Second, to investigate the specific PA and RAN contributions (at T0) to word reading and spelling development (at T1), we performed a set of hierarchical multiple regressions on word reading and word spelling for each cohort. To control for general cognitive abilities, nonverbal IQ and vocabulary were entered together at the first step. Then, PA and RAN were entered in alternating order (step 2 or 3) to assess their relative importance for predicting word reading and spelling in the context of all possible models containing them. Consequently, two models (with PA or RAN entered first) were tested for each dependent variable in each cohort. This method allows us to measure the relative predictive value of PA and RAN, and to determine which predictor is the most important for word reading and spelling at a certain point in time (Grade 1 vs. Grade 2).
Prior to all analyses, we observed the degree of skewness and kurtosis to ensure that the data met the standard criteria of normality. Their values revealed no distributional problems (skewness < |2| and kurtosis < |7|; Kim, 2013). We also considered multicollinearity for the multiple regressions. The correlation matrix (see Table 2) revealed that the predictors were poorly interrelated. Only nonverbal IQ correlated moderately with vocabulary in Grade 1 children, r(85) = .50, p < .001. For all regression models, the collinearity diagnostics showed that all the variance inflation indices (VIFs) were below 1.44, indicating that multicollinearity was weak and not a barrier to performing the regression analyses (Field, 2009). The alpha level was set at .05 for all the analyses (except those that required a Bonferroni adjustment).
Results
Characteristics of Word Reading and Spelling in Grade 1 and Grade 2
Word reading. Figure 1 shows the reading outcomes at T1 by cohort, word frequency in Figure 1A, and syllabic complexity in Figure 1B. The composite score corresponds to the total number of correct responses divided by the total response time for correct responses. This composite score gives the number of items correctly read per second. We ran a 2 × 3 × 2 repeated measures ANOVA with the cohort as a between-participants factor (2 levels: Grade 1 or Grade 2), word frequency (3 levels: HF words, LF words, or pseudowords) and syllabic complexity (2 levels: simple words or complex words) as within-participants factors, and vocabulary as a covariate. First, the analysis showed a significant effect of cohort, indicating that children had higher word reading performance in Grade 2 than in Grade 1, F(1, 150) = 177.84, p < .001, η2p = .54. Second, there was a statistically significant effect of word frequency, F(2, 300) = 9.74, p < .001, η2p = .06, and a Cohort × Word Frequency interaction, F(2, 300) = 30.31, p < .001, η2p = .17, suggesting that the word frequency effect varied per grade. This significant interaction was examined utilizing tests of simple main effects of word frequency conducted in each cohort separately. A significant word frequency effect was found for Grade 2 readers, F(2, 170) = 11.43, p < .001, η2p = .12, but not for Grade 1 readers (p = .27), suggesting that the influence of word frequency was only present in Grade 2. The significant main effect of word frequency found among second graders was followed-up through pairwise comparisons using a Bonferroni adjustment adapted to the number of comparisons (α = 0.5/3). They revealed that each comparison was significantly different from the other two: HF words were better read than LF words (p < .001, d = 0.79) and pseudowords (p < .001, d = 0.99). In turn, LF words were better read than pseudowords (p = .01, d = 0.14). The reading outcomes for HF and LF words were higher than those for pseudowords, and this word frequency effect also pointed out a lexicality effect. Third, ANOVA showed no effect of syllabic complexity (p = .47). However, we found a significant Cohort × Syllabic Complexity interaction, F(1, 150) = 5.31, p = .02, η2p = .03, indicating that in Grade 1, simple words were read more easily than complex words. Overall, it should be noted that the reported effect sizes were relatively low, except for the word frequency effect observed in Grade 2.
Word spelling. The results in Figure 2 display the spelling outcomes by cohort, lexicality in Figure 2A, and syllabic complexity in Figure 2B. We performed a 2 × 2 × 2 repeated measures ANOVA with the cohort as a between-participants factor (2 levels: Grade 1 or Grade 2), lexicality (2 levels: HF irregular words or pseudowords), and syllabic complexity (2 levels: simple words or complex words) as within-participants factors, and vocabulary as a covariate. First, the analysis showed a significant effect of cohort, indicating that children had a higher spelling performance in Grade 2 than in Grade 1, F(1, 150) = 145.55, p < .001, η2p = .49. Second, there was no main effect of lexicality (p = .29), but a significant Grade × Lexicality interaction was observed, F(1, 150) = 79.47, p < .001, η2p = .35. The means suggest that the children in Grade 1 showed an inverted lexicality effect: pseudowords were better spelled than words (i.e., irregular HF words in this task). In Grade 2, this effect seemed to disappear, with children being able to spell both word types equally. Third, we found no main effect of syllabic complexity (p = .49) but a significant Cohort × Syllabic Complexity interaction, F(1, 150) = 29.91, p < .001, η2p = .17. This interaction indicated that simple words were easier to spell than complex words in Grade 1. Overall, it should be mentioned that the reported effect sizes regarding the spelling results were relatively low.
PA and RAN’s Contributions to Word Reading and Spelling in Grade 1 and Grade 2
The Pearson bivariate correlations and the descriptive results for the PA (T0), RAN (T0), word reading (T1), and word spelling (T1) measures are presented in Tables 2 and 3, respectively. Several correlations are worth mentioning. First, the correlation matrix revealed that in both cohorts, PA and RAN (measured at T0) were not very highly interrelated (kindergarten: r(64) = .38, p = .002; and Grade 1: r(85) = .26, p = .02) compared to their correlations with word reading and spelling (measured at T1), which were more robust. Second, the correlations between PA/RAN and word reading/spelling varied per grade: PA and RAN both correlated strongly with word reading and spelling in Grade 1, but only PA was associated with word reading and spelling in Grade 2. The relative predictive value of PA and RAN (measured at T0) for word reading and spelling (measured at T1) was then determined with a set of multiple regression analyses, controlling for general cognitive abilities (NVIQ and vocabulary) and with PA and RAN entered in alternating order.
Word reading. The regression models (1 and 2) accounted for a significant proportion of variance in word reading in Grade 1, R2 = .41, F(4, 61) = 10.37, p < .001, and in Grade 2, R2 = .12, F(4, 82) = 2.88, p = .03. As seen in Table 4, PA and RAN both explained a significant and unique amount of variance in word reading in Grade 1. However, according to the R-squared changes (ΔR2), RAN (model 1: ΔR2 = .16, p < .001; model 2: ΔR2= .29, p < .001) seemed to be a stronger predictor of word reading than PA (model 1: ΔR2 = .19, p < .001; model 2: ΔR2= .07, p < .001) in Grade 1. RAN continued to contribute similarly to word reading when entered last in the model, whereas the predictive power of PA was substantially reduced when entered last in the model. Conversely, in Grade 2, only PA remained a significant predictor of word reading (model 1: ΔR2 = .08, p = .01; model 2: ΔR2= .06, p = .02), even though its contribution was weaker than in Grade 1. RAN did not account for any significant unique variance in Grade 2 word reading, whether it was entered before or after PA in the analysis. Overall, it should be noted that the reported effect sizes were low to moderate. The strongest effect was the contribution of RAN to Grade 1 reading when entered before PA in the model.
Word spelling. Table 5 displays the results regarding word spelling. The regression models (1 and 2) accounted for a significant proportion of the variance in word spelling in Grade 1, R2 = .38, F(4, 61) = 9.32, p < .001, and in Grade 2, R2 = .24, F(4, 82) = 6.63, p < .001. The Grade 1 results were similar to those of word reading. PA and RAN both explained a significant and unique amount of variance in word spelling in Grade 1 in the two models. For word reading, RAN (model 1: ΔR2 = .14, p < .001; model 2: ΔR2 = .26, p < .001) explained a stronger proportion of the variance in word spelling than PA (model 1: ΔR2 = .19, p < .001; model 2: ΔR2 = .08, p = .01). Whereas RAN’s prediction was robust in both models, PA was much less powerful when entered last in the model. In Grade 2, while RAN did not predict word spelling at all, PA continued to contribute to word spelling (model 1: ΔR2 = .17, p < .001; model 2: ΔR2 = .15, p < .001). Moreover, this PA predictive power for word spelling in Grade 2 seemed slightly greater than that obtained in Grade 1. Importantly, PA’s contributions to literacy in Grade 2 were largely greater in spelling than in reading. For reading, it should be mentioned that the reported effect sizes were low to moderate. The strongest effect was the contribution of RAN to Grade 1 spelling when entered before PA in the model.
Discussion
This study, conducted among French-speaking beginning readers, explored the respective predictive weights of PA and RAN on reading and spelling by assessing whether children used phonological or orthographic processing. The specificities of our study were the opaque orthographic system and the comprehensive assessment, including spelling measures. 
Characteristics of Word Reading and Spelling in Grade 1 and Grade 2 French-speaking Children
As expected, the psycholinguistic effects suggest that first graders preferentially used phonological processing during word reading and spelling. Indeed, no word frequency or lexicality effect was found in reading, with pseudowords being read similarly to words. This indicates that the real words (even HF words) were not stored in their orthographic lexicon yet and were processed as pseudowords by phonological processing. Moreover, compared to second graders, children in Grade 1 read and write simple words (i.e., CV syllable structure) better than complex words (i.e., CCV syllable structure), also indicating greater use of phonological processing. These results are in line with Sprenger-Charolles and Siegel (1997)’s findings in French-speaking Grade 1 children. For spelling, compared to second graders, we found an important inverted lexicality effect (pseudowords > irregular HF words) in Grade 1, with almost none of the words correctly spelled. These results are consistent with the results of French-speaking first graders in the European study by Seymour et al. (2003). Again, this showed that first graders relied on phonological processing since the words were irregular and therefore impossible to spell through the phonological route. 
The results showed that second graders relied more on orthographic processing during word reading and spelling. In reading, the effect of word frequency and lexicality emerged. This suggests that second graders stored a higher number of word representations in their orthographic lexicon. The effect of syllabic complexity tended to fade in Grade 2. In spelling, the lexicality effect and the syllabic complexity effect also tended to disappear in Grade 2. We also noticed that second graders outperformed first graders on all word reading and spelling measures.
Overall, the observation of the different psycholinguistic effects suggests that the children in Grade 1 almost exclusively use phonological processes when reading or spelling words (effect of syllabic complexity). In Grade 2, children are using more their orthographic lexicon (frequency and lexicality effects). Altogether, these varying effects highlight a difference in word-level processing between Grade 1 and Grade 2. This does not mean that second graders do not rely on phonological processing, but they rely more on orthographic processing. This is in line with previous findings on word-reading development among French-speaking children (Carrillo, Alegría, & Marín, 2013; Mousty & Leybaert, 1999; Sprenger-Charolles, Siegel, Béchennec, & Serniclaes, 2003). Though absent at the beginning of Grade 1, effects indexing orthographic processes (frequency and lexicality) emerged in word reading and spelling measures at the end of Grade 1 or Grade 2. 
PA and RAN’s Contributions to Early Word Reading and Spelling Development
After controlling for general cognitive abilities (vocabulary and nonverbal IQ), the results showed that PA and RAN both explained a significant and unique amount of variance in word reading and spelling in Grade 1, regardless of the order of entry into the model. However, PA and RAN’s predictions of written word processing seemed to be clearly independent and contrasting for reading vs. spelling, as well as for Grade 1 vs. Grade 2 outcomes. To the best of our knowledge, this is the first time that this independence has been demonstrated both within a cross-sequential design and using comparable and speeded measures of PA, RAN, and word reading. Considering speed probably prevented a ceiling effect of PA tasks in older children measured only with response accuracy. Indeed, we observed that PA remained the only predictor of reading and spelling scores in Grade 2.
With respect to previous studies that have explored the global dynamics between PA, RAN, and reading, our results are close to those of Rodríguez and colleagues (2015) and opposed to the findings of Vaessen and colleagues (Vaessen et al., 2010; Vaessen & Blomert, 2010). Indeed, we demonstrated that the RAN-reading relation was limited to the beginning of reading acquisition (Grade 1) when PA was related to word reading with less power than RAN. We also found that PA predicted word reading and spelling later on (Grade 2), whereas RAN did not continue to contribute to literacy skills.
The depth of the orthography certainly explains some of these discrepancies. The studies of Vaessen and colleagues (2010) and of Rodríguez and colleagues (2015) were all conducted in transparent orthography in Dutch and Spanish, respectively. In this context, it is expected that children will use orthographic processing earlier in the learning process, which would go hand in hand with a decrease in the prediction of PA and a lower predictive weight of PA overall. The present study revealed a large and unique predictive weight of PA in Grade 2, confirming the importance of PA in opaque orthographies. Concerning the predictive weight of RAN, the depth of the orthography also helps to explain the particular weight of RAN at the beginning of learning in opaque orthographies (Araújo et al., 2015), as observed in the current sample, and the greater importance of RAN at all stages in transparent languages.
Regarding RAN more specifically, the four regression models on Grade 1 outcomes (PA and RAN entered in alternating order) showed that RAN explained a great proportion of the variance in word reading and spelling, even stronger than PA’s contribution. Conversely, RAN had no significant contribution in Grade 2. French orthography is an opaque orthography, and our findings are consistent with previous work conducted in opaque orthographies showing that RAN’s contribution to word reading is stronger early in development and fades over the years (see Araújo et al., 2015 for a meta-analysis). Our findings are also consistent with those of a previous study in which we demonstrated that RAN object training enabled children with dyslexia to improve their reading accuracy (Vander Stappen et al., 2020). Considering our abovementioned results on the written word processing characteristics of Grade 1 readers, this suggests that RAN especially underlies phonological processing, which is mainly used at the very beginning of learning to read and to spell. On the one hand, this finding supports the phonological hypothesis of the RAN-reading relation, which assumes RAN to measure the quick retrieval of phonological codes in memory (Torgesen et al., 1997; Wagner et al., 1997). Contrary to Bowers and colleagues (Bowers & Newby-Clark, 2002; Bowers & Wolf, 1993; Wolf et al., 2000), our findings did not support that RAN contributes to orthographic processing since RAN did not contribute to literacy skills later than Grade 1. On the other hand, as RAN continues to contribute to word reading and spelling when PA is controlled suggests that the RAN-reading/spelling relation goes beyond phonological aspects. Accordingly, RAN could account for the serial aspects rather than the phonological aspects implied in phonological processing. As in the study of Rodriguez and colleagues (2015), we took care to propose a serial RAN task concurrently with a discrete reading task instead of a word list. Therefore, the strong RAN-reading relation observed in Grade 1 could precisely capture the serial within-word processes of phonological processing. A shift to the use of orthographic processing could explain the fading contribution of RAN in Grade 2. If we had proposed a serial reading task, RAN would probably still have predicted word processing in Grade 2, capturing the serial between-word processes. This explanation of the RAN-reading relation through serial processing, introduced by de Jong (2011), could also explain why Vaessen and colleagues found a longer-lasting contribution of RAN to word-reading development, as they measured reading with word lists (Vaessen et al., 2010; Vaessen & Blomert, 2010). It is worth mentioning that, in the present study, RAN predicted both sides of written word processing: reading and spelling. This supports previous findings demonstrating that RAN is a marker of word-reading speed and a predictor of word spelling (Georgiou et al., 2012; Plaza & Cohen, 2004; Savage et al., 2008). Altogether, our findings suggest that serial RAN underlies the efficacy of serial matching between phonological and printed units, which is implied in both phonological reading and spelling.
Regarding PA, we found a significant and unique contribution to word reading and spelling in Grade 1, albeit weaker than the RAN contribution. As expected, PA appears to be a good predictor of written word processing in beginning readers, confirming its importance for fine-grained phonological processes that are recruited, especially at this time of literacy development (Vaessen & Blomert, 2010). In Grade 2, only PA remained a significant predictor of written word processing. This is in line with previous findings from studies conducted in opaque orthographies that showed a stronger and longer-lasting impact of PA beyond Grade 1 (e.g., Kirby, Parrila, & Pfeiffer, 2003; Ziegler et al., 2010). PA’s contribution to Grade 2 reading was weaker than that obtained in Grade 1, but in spelling, its predictive power slightly increased between Grade 1 and Grade 2. Two interpretations can be put forward to explain this. Again, this could support the idea that PA underlies phonological processing. Indeed, although orthographic processing seems to emerge in Grade 2, this does not mean that the children no longer rely on phonological processing (as demonstrated in Sprenger-Charolles et al., 2003). Indeed, the child would usually rely on phonology longer for word spelling than for word reading, according to the developmental model of Frith (1986), in line with the present findings. This also supports a previous study of the authors (Vander Stappen & Van Reybroeck, 2018), in which they found a significant decrease in the phonological errors in word spelling after PA training conducted in Grade 2 children. Hence, PA could underlie phonological processing mainly used in Grade 1 and still be present in Grade 2, especially for spelling. However, the contributions of PA to word reading and spelling, while the orthographic lexicon is developing in Grade 2, also suggest that PA could have a role in specifying and retrieving orthographic representations in memory. This would also explain why this contribution was even stronger for spelling than for reading, words being irregular in the spelling task. According to the psycholinguistic grain size theory (Ziegler & Goswami, 2005), the opacity of orthographies such as French forces the child into developing multiple decoding processes at different grain sizes. Beyond the basic grapheme-phoneme mappings, the child will need to develop the processing of larger orthographic chunks because many of the one-to-one correspondences are inconsistent. Indeed, it has been shown that French children are developing recoding processes at larger grain sizes (Goswami, Gombert, & de Barrera, 1998). For example, in French, the letter “c” has an inconsistent phonemic correspondence, which can be pronounced  /s/ or /k/ depending on the following letter. Given that inconsistency, the only reliable way to correctly read the word citron/sitR7/[lemon] or carotte/kaROt/[carrot] is to extract regularity at a larger grain size and therefore to process the entire syllable rather than the individual letters. This theory supports previous findings showing a stronger contribution of PA to word reading among second graders in opaque orthographies than in transparent orthographies (Ziegler et al., 2010), the former requiring the rapid juggling of decoding at different grain sizes. A plausible explanation for the relevance of PA in Grade 2, especially for spelling irregular words, might be that PA underlies this more elaborate and complex phonological processing process operating at a larger grain size and is especially useful in building orthographic representations for irregular words. Overall, supporting multiple decoding processes, PA would be a cornerstone for learning mechanisms making the orthographic lexicon grow.
Finally, these findings together suggest that PA and RAN represent independent processes. Indeed, their respective correlations with word reading and spelling were more robust than their own intercorrelation. In addition, they continued to predict word reading and spelling in Grade 1, even after the other variable was considered. They also influenced specific components of written word processing at different time points in development, suggesting that they underlie different processes. These observations reinforce the independent hypothesis. According to this, RAN is an ability that contributes, separately from PA to the prediction of word-reading skills and consists of a second core deficit among children with dyslexia (Lonigan et al., 2009; Powell et al., 2007; Wolf & Bowers, 1999).
Limitations and Future Avenues
Some potential limitations of the current study are worth mentioning. First, as our cross-sequential design only included two measurement times, we could not provide complete longitudinal insight from kindergarten to Grade 2. Future multiphase cross-sequential or longitudinal studies should propose more measurement occasions over elementary schooling to capture the developmental aspects of the dynamics between PA, RAN, and written word processes. Based on previous research, we could expect that the PA-word reading/spelling relations would be bidirectional, while the effect between RAN and literacy skills would be unidirectional, with only RAN predicting word reading and spelling (Boets et al., 2010; Dehaene et al., 2010; Morais et al., 1979; Wei et al., 2015). Second, our reading and spelling tasks included pseudowords, but the reading task was composed of consistent words, whereas the spelling tasks included irregular words. We chose to measure the accuracy of irregular words in spelling because it was not possible to obtain RTs per item to measure rapid access to orthographic representations (i.e., the orthographic route). However, the use of consistent words in reading may have prevented us from observing how the lexical route worked. However, since frequent words and rare words were used, the frequency effect nevertheless allowed us to observe the use of the lexical route in second graders (Sprenger-Charolles et al., 2003). Third, our sample was quite specific and nonrepresentative of all children learning to read and to spell. They came from a quite well-to-do socioeconomic background and from schools mainly applying phonics-based methods of learning to read. The children were learning French, which is characterized as an alphabetic and opaque orthography. Therefore, our conclusions should be taken cautiously.
Finally, we would like to make two final suggestions for future work. First, previous studies have suggested that RAN could impact reading differently in good and poor readers (e.g., Meyer, Wood, Hart, & Felton, 1998). It would be interesting to examine whether the developmental dynamics between PA, RAN, reading, and spelling are the same among poor readers or children with dyslexia than among normal readers. Second, future studies could also investigate whether the contribution of RAN letters and digits to written word processes is similar to that of RAN objects. As both nonalphanumeric and alphanumeric RAN engage phonological processes, we could anticipate that RAN letters and digits would mainly impact phonological processing, such as RAN objects, in the present study. According to the orthographic account of the RAN-reading relation, which is more specific to RAN letters (Bowers & Newby-Clark, 2002; Bowers & Wolf, 1993; Wolf et al., 2000), we could also hypothesize that RAN letters would additionally impact the orthographic processes of reading.
Conclusion
To conclude, our findings demonstrated that relating the varying contributions of PA and RAN to the development of reading and spelling processes enables us to better understand how these predictors contribute to written word processing. To the best of our knowledge, this is the first time that this has been demonstrated within a cross-sequential design and with reliable and comparable measures of PA, RAN, and reading. Although both were good predictors of early reading and spelling, serial RAN objects seemed to be a better predictor than PA in Grade 1. In comparison, PA was a better predictor of reading and spelling in Grade 2, with an increasing contribution to spelling. Concurrently, the psycholinguistic effects indicated that a developmental change was occurring at the word level between Grade 1 and Grade 2, going from phonological processing to a greater use of direct recognition/retrieval of word representations when reading and spelling (i.e., orthographic processing). Therefore, RAN is believed to account for the aspects implied in the phonological processing of both reading and spelling, while PA seemed to underlie multiple decoding processes at different grain sizes crucial for phonological and orthographic processing of written words. All these findings add arguments in favor of the independent hypothesis that assumes that PA and RAN are separated cognitive processes with clearly distinct contributions to word reading and spelling.
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Figure Captions
Figure 1. (A) Word Reading Outcomes at T1 by Group and Word Frequency. (B) Word Reading Outcomes at T1 by Group and Syllabic Complexity. The composite scores correspond to the total number of correct responses divided by the total response time.

Figure 2. (A) Word Spelling Outcomes at T1 by Group and Lexicality. (B) Word Reading Outcomes at T1 by Group and Syllabic Complexity. 














Table 1
Participant Characteristics by Group at T0
	
	Kindergarten
(n = 66)
	
	Grade 1
(n = 87)
	
	Group effect

	Characteristic
	M
	SD
	
	M
	SD
	
	p

	Age in years
	5.61
	0.28
	
	6.60
	0.33
	
	.00

	Nonverbal IQ (subtest scaled score)a 
	10.48
	2.60
	
	10.80
	2.84
	
	.48

	Receptive vocabulary (scaled score)b 
	110.62
	14.87
	
	115.89
	16.97
	
	.05

	Girls (%)c
	51.5
	
	
	52.9
	
	
	.87

	Mother’s educational levelc
	2.88
	0.42
	
	2.87
	0.37
	
	.47


Note. a French version of the Matrices subtest of the WPPSI-IV, M = 10, SD = 3.  b French version of the Peabody Picture Vocabulary Test, M = 100, SD = 15. c The gender and the mother’s educational level (three-point scale classification) means and standard deviations were calculated from ordinal data. Group means were compared by independent t test, except for gender and the mother’s educational level, which were analyzed by a Chi-square test.











Table 2
Pearson Bivariate Correlations Among Predictors Measured at T0 and Criterion Variables Measured at T1

	Measures
	
	Predictors at T0
	
	Criteria at T1

	
	
	1
	2
	3
	4
	
	5
	6

	Kindergarten – Grade 1 (N = 66)
	
	
	
	
	
	
	
	

	1. IQ 
	
	–
	.10
	.23
	.23
	
	.21
	.21

	2. VOC 
	
	
	–
	-.01
	.24
	
	-.05
	.05

	3. PA CS 
	
	
	
	–
	.38**
	
	.48***
	.48***

	4. RAN CS 
	
	
	
	
	–
	
	.54***
	.54***

	5. Reading CS 
	
	
	
	
	
	
	–
	.78***

	6. Spelling AC
	
	
	
	
	
	
	
	–

	Grade 1 – Grade 2 (N = 87)
	
	
	
	
	
	
	
	

	1. IQ a
	
	–
	.50***
	.27*
	.27*
	
	.14
	.07

	2. VOC b
	
	
	–
	.14
	.22*
	
	-.03
	-.17

	3. PA CS 
	
	
	
	–
	.26*
	
	.31**
	.42***

	4. RAN CS 
	
	
	
	
	–
	
	.18
	.17

	5. Reading CS 
	
	
	
	
	
	
	–
	.49***

	6. Spelling AC
	
	
	
	
	
	
	
	–



Note. IQ = Nonverbal IQ, subtest scaled score; VOC = Receptive vocabulary, scaled score; CS = Composite score corresponding to the total number of correct responses divided by the total response time; AC = Accuracy (total number of correct responses).
* p < .05 
** p < .01
*** p < .001.





Table 3

Descriptive Statistics of PA, RAN, Word Reading and Word Spelling by Group 

	Measures
	M
	SD

	Kindergarten – Grade 1 (N = 66)
	
	

	PA (T0)
	
	

	Accuracy (%)
	38.89
	21.84

	Response time (s/item) 
	5.57
	3.64

	Composite score 
	0.10
	0.09

	RAN (T0)
	 
	

	Accuracy (max = 48)
	44.88
	2.52

	Response time (total in s)
	72.40
	14.80

	Composite score 
	0.65
	0.15

	Word reading (T1)
	
	

	Accuracy (max = 36)
	27.92
	6.91

	Response time (s/item) 
	3.36
	1.24

	Composite score 
	0.28
	0.14

	Word spelling (T1)
	
	

	Accuracy (max = 24)
	9.92
	4.49

	Grade 1 – Grade 2 (N = 87)
	
	

	PA (T0)
	
	

	Accuracy (%)
	57.04
	22.01

	Response time (s/item) 
	4.70
	2.02

	Composite score 
	0.14
	0.08

	RAN (T0)
	
	

	Accuracy (max = 48)
	45.68
	2.18

	Response time (total in s)
	56.27
	10.87

	Composite score 
	0.84
	0.16

	Word reading (T1)
	
	

	Accuracy (max = 36)
	33.47
	1.90

	Response time (s/item) 
	1.68
	0.36

	Composite score 
	0.58
	0.14

	Word spelling (T1)
	
	

	Accuracy (max = 24)
	17.80
	3.56


 Note. % = percentage of correct responses in PA, out of a maximum score of 27 in Kindergarten and out of a maximum score of 37 in Grade 1. s/item = mean response time in seconds for correct responses. Composite score = Total number of correct responses divided by the total response time for correct responses. 

Table 4
Hierarchical Multiple Regression Analyses of PA and RAN at T0 on Word Reading Outcomes at T1 in Each Group after Controlling for Nonverbal Intelligence and Receptive Vocabulary
	
	
	Grade 1 (T1)
	
	
	Grade 2 (T1)

	Model
	Predictor (T0)
	ΔR2
	B
	
	ΔR2
	B

	Control
	1. IQ + VOC
	.05
	
	
	.04
	

	
	    IQ
	
	0.01
	
	
	0.01

	
	    VOC
	
	-0.00
	
	
	-0.00

	
	
	
	
	
	
	

	Model 1
	2.  IQ
	
	0.01
	
	
	0.01

	
	    VOC
	
	-0.00
	
	
	-0.00

	
	    PA CS
	.19***
	0.70***
	
	.08**
	0.54**

	
	3. IQ
	
	0.00
	
	
	0.01

	
	    VOC
	
	-0.00
	
	
	-0.00

	
	    PA
	
	0.45*
	
	
	0.50*

	
	    RAN CS
	.16***
	0.42***
	
	.01
	0.10

	
	
	
	
	
	
	

	Model 2
	2. IQ
	
	0.01
	
	
	0.01

	
	    VOC
	
	-0.00
	
	
	-0.00

	
	    RAN CS
	.29***
	0.51***
	
	.03
	0.15

	
	3. IQ
	
	0.00
	
	
	0.01

	
	    VOC
	
	-0.00
	
	
	-0.00

	
	    RAN CS
	
	0.42***
	
	
	0.10

	
	    PA CS
	.07*
	0.45**
	
	.06*
	0.50*



Note. IQ = Nonverbal IQ, subtest scaled score; VOC = Receptive vocabulary, scaled score; CS = Composite score corresponding to the total number of correct responses divided by the total response time. The betas (B) reported here are those obtained when introducing the predictor of interest at Step T and the other predictors at Step T – 1.
* p < .05. ** p < .01. *** p < .001.


Table 5
Hierarchical Multiple Regression Analyses of PA and RAN at T0 on Word Spelling Outcomes at T1 in Each Group after Controlling for Nonverbal Intelligence and Receptive Vocabulary
	
	
	Grade 1 (T1)
	
	Grade 2 (T1)

	Model
	Predictor (T0)
	ΔR2
	B
	
	ΔR2
	B

	Control
	1. IQ + VOC
	.04
	
	
	.06
	

	
	    IQ
	
	0.35
	
	
	0.26

	
	    VOC
	
	0.01
	
	
	-0.06*

	
	
	
	
	
	
	

	Model 1
	2.  IQ
	
	0.17
	
	
	0.12

	
	    VOC
	
	0.01
	
	
	-0.06*

	
	    PA CS
	.19***
	22.65***
	
	.17***
	20.57***

	
	3. IQ
	
	0.08
	
	
	0.10

	
	    VOC
	
	-0.02
	
	
	-0.06*

	
	    PA
	
	15.10**
	
	
	19.59***

	
	    RAN CS
	.14***
	12.45***
	
	.01
	2.25

	
	
	
	
	
	
	

	Model 2
	2. IQ
	
	0.16
	
	
	0.21

	
	    VOC
	
	-0.03
	
	
	-0.06*

	
	    RAN CS
	.26***
	15.74***
	
	.03
	4.11

	
	3. IQ
	
	0.08
	
	
	0.10

	
	    VOC
	
	-0.02
	
	
	-0.06*

	
	    RAN CS
	
	12.45***
	
	
	2.25

	
	    PA CS
	.08**
	15.10**
	
	.15***
	19.59***



Note. IQ = Nonverbal IQ, subtest scaled score; VOC = Receptive vocabulary, scaled score; CS = Composite score corresponding to the total number of correct responses divided by the total response time. The betas (B) reported here are those obtained when introducing the predictor of interest at Step T and the other predictors at Step T – 1.
* p < .05. ** p < .01. *** p < .001.





